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* DNA replication requires coordination between replication fork progression and deoxynucleotide triphosphate (dNTP)-generating metabolic pathways. We find that perturbation of ribonucleotide reductase (RNR) in humans elevates reactive oxygen species (ROS) that are detected by peroxiredoxin 2 (PRDX2). In the oligomeric state, PRDX2 forms a replisome-associated ROS sensor, which binds the fork accelerator TIMELESS when exposed to low levels of ROS. Elevated ROS levels generated by RNR attenuation disrupt oligomerized PRDX2 to smaller subunits, whose dissociation from chromatin enforces the displacement of TIMELESS from the replisome. This process instantly slows replication fork progression, which mitigates pathological consequences of replication stress. Thus, redox signaling couples fluctuations of dNTP biogenesis with replisome activity to reduce stress during genome duplication. We propose that cancer cells exploit this pathway to increase their adaptability to adverse metabolic conditions. R eplisome dynamics must be tightly aligned with metabolic pathways that generate deoxynucleotide triphosphates (dNTPs), the essential building blocks for replicating DNA. In the absence of such regulation, intrinsic oscillations or stochastic fluctuations of metabolic pathways might compromise replication fork integrity and thereby undermine the fidelity of genome duplication (1) . We thus hypothesized that a hitherto unidentified pathway might adjust fork speed to the activities of enzymes involved in dNTP synthesis to limit mutagenic nucleotide incorporation or accumulation of unstable replication intermediates that fuel genome instability and cause diseases such as cancer (2, 3) .
To test this hypothesis, we combined the iPOND (isolation of protein on nascent DNA) technique with mass spectrometry (MS) to search for replisome components whose gain or loss might illuminate fork speed regulation (Fig. 1, A to C, and fig. S1 ) (4) . In addition to the core replisome subunits, nascent DNA copurified with TIMELESS, TIPIN, CLASPIN, and AND1 (also known as WDHD1), proteins that are collectively referred to as the replication protection complex (RPC) (5 ) and whose presence at sites of DNA synthesis was confirmed by immunostaining ( fig. S2 ). Whereas RPC function has so far been associated predominantly with forks under stress, the yeast RPC orthologs were also implicated in maintaining physiological replisome activity (6 ) . To reconcile these functions, we knocked down RPC components and measured fork speed using the DNA fiber technique (7 ) . With the exception of AND1, depletion of any RPC subunit-CLASPIN, TIMELESS, or TIPIN-led to a robust fork slowdown ( fig. S3A ). CLASPIN is an established mediator of the S-phase checkpoint; therefore, the reduced fork speed after CLASPIN depletion could be related to a checkpoint defect (8) . However, TIMELESS or TIPIN depletion recapitulated the fork slowdown seen after CLASPIN knockdown (Fig. 1D) , without detectable impact on checkpoint signaling ( fig. S3B) (9) . Therefore, we reasoned that depletion of the TIMELESS-TIPIN complex represents a "separation-of-function" condition to study the role of RPC proteins in replisome dynamics. The observed fork slowdown was reproduced by several small interfering RNAs (siRNAs) in a dose-dependent fashion ( fig. S4A) , and it could be fully rescued by complementation with siRNA-insensitive TIMELESS ( fig. S4B ). Fork symmetry was unaffected by TIMELESS or TIPIN depletion (Fig. 1E) , indicating that DNA replication continued, albeit with reduced speed. Hence, the mammalian RPC accelerates fork movement in vivo.
To test whether cells exploit the TIMELESS-TIPIN fork accelerator to align replication dynamics with nucleotide synthesis, we set up experimental conditions to mimic a transient metabolic imbalance of ribonucleotide reductase (RNR), whose activity is known to be subjected to continuous adjustments during unperturbed cell cycles (10) . A short pulse treatment of cells with 50 mM hydroxyurea (HU), an established RNR inhibitor, was sufficient to reduce the pace of DNA replication (Fig. 1, F and G) . Although the treatment had little effect on dNTP concentrations ( fig. S5A ), the slow fork movement was invariably accompanied by a marked dissociation of TIMELESS from the replisome, as observed by iPOND (Fig.  1H ) and confirmed by quantitative image-based cytometry (QIBC) (fig. S5B ). Dissociation of TIMELESS was already very pronounced upon fork slowing (50 mM HU), and the residual TIMELESS was displaced after fork stalling (1 mM HU), which, unlike fork slowdown, was accompanied by a pronounced dNTP depletion ( Fig. 1H and fig. S5A ). The latter finding is consistent with a previous report showing that massive fork stalling caused TIMELESS dissociation, albeit with delayed kinetics compared with that for slow forks in our settings (11) . This kinetic distinction suggests that replisome activity might be differentially regulated after complete fork stalling (associated with stress signaling) and in response to near-physiological fluctuations of dNTP-generating metabolic pathways, respectively. In support of this reasoning, fork slowdown caused by TIMELESS depletion was not further exacerbated by low HU concentrations (Fig. 1I) , indicating that mild perturbation of RNR activity triggers a quantitative biochemical depletion of this fork accelerator from the replisome. Such level of regulation operates without detectable DNA damage signaling measured by H2AX, CHK1, and RPA phosphorylation ( Fig. 1F and fig. S5 , C and D) or increased fork asymmetry ( fig. S6A ). Furthermore, treatment of cells with aphidicolin, which blocks DNA polymerases without metabolic interference, did not lead to TIMELESS displacement ( fig. S6B ), reinforcing the notion that TIMELESS retention at replisomes is coupled specifically to metabolic imbalances.
We first considered limited dNTP supply as the trigger for the TIMELESS dissociation. However, whereas front-loading of cells with dNTP precursors improved DNA synthesis after dNTP depletion and fork stalling induced by high concentrations of HU, it had a negligible effect on slow forks in cells treated with low HU levels (fig. S7A). Together with the minimal fluctuation of dNTP levels in the latter condition ( fig. S5A ), these data indicated that the dNTP supply per se does not explain the precipitous fork slowdown after mild RNR perturbation. We thus focused on the biochemical mode of action of RNR, which converts ribonucleoside diphosphates (NDPs) to dNDPs through a proton-coupled electron transfer between its R1 and R2 subunits (12) . Inhibition of RNR by HU disrupts this process (13), and we reasoned that the resulting redox imbalance could generate a surplus of reactive oxygen species (ROS). Indeed, treatment with 50 mM HU triggered a rapid accumulation of superoxide and hydroxyl radicals to levels comparable to those induced by low concentrations of hydrogen peroxide (H 2 O 2 ), and this was inhibited by the ROS quencher N-acetyl cysteine (NAC) ( Fig. 2A and fig. S7B ). H 2 O 2 caused an instant fork slowdown and TIMELESS dissociation, similar to the effect of low HU levels; both cases could be rescued by NAC (Fig. 2B and fig. S8, A and B) . The DNA fiber data were validated by chromatin immunoprecipitation-quantitative polymerase chain reaction, in which low levels of HU or H 2 O 2 displaced TIMELESS from two independent loci ( fig. S8C ). RNR-independent fork slowing by aphidicolin did not elevate ROS levels and could not be rescued by NAC (Fig. 2, A and B) , reinforcing the idea that fork velocity and ROS signaling are coupled. Although prolonged ROS exposure can alter fork progression by oxidative damage (14) , this does not seem to explain the instant fork slowdown triggered by natural metabolic fluctuations. A strong support for this assertion is that the slow fork movement induced by mildly elevated levels of ROS remained constant and symmetrical ( fig. S6A ), indicating direct signaling by ROS rather than indirect oxidative damage of DNA or fork pausing.
Low levels of ROS are beneficial for cell proliferation and survival, in part because of their role as second messenger in various metabolic pathways (15 ) . On the basis of our findings, we hypothesized that ROS may also drive secondmessenger signaling at the fork and that a hitherto unknown ROS sensor may be present at active replisomes. To test this hypothesis, we analyzed the TIMELESS interactome, which together with iPOND analysis consistently featured enrichment of peroxiredoxin 2 (PRDX2), a member of the evolutionarily conserved peroxiredoxin family that regulates ROS metabolism in diverse physiological settings ( fig. S9 , A and B) (16, 17 ) . Due to their ability to detect ROS, peroxiredoxins are ideally suited to sense even subtle redox fluctuations at or near replication forks. We validated the MS data by reciprocal coimmunoprecipitation experiments in which TIMELESS interacted with PRDX2 but not with mitochondria-specific PRDX5 (Fig. 2C) . As a result of our immunofluorescence studies ( fig. S9C ) and proximity ligation assay (PLA) (Fig. 2D ), we identified a nuclear fraction of PRDX2 that localized to the proximity of proliferating cell nuclear antigen (PCNA), consistent with a role of PRDX2 at active forks.
In line with the cell-based assays, biochemical fractionations resolved on nonreducing gels revealed an exclusive accumulation of oligomeric forms of PRDX2 on chromatin, compared with cytosolic and soluble nuclear fractions (Fig. 2E) . The formation of PRDX2 oligomers was thioldependent (18) as it was disrupted by mutation of conserved peroxidatic cysteines ( fig. S9D ). Quantification of these experiments showed that whereas the oligomerized forms of PRDX2 were chromatin-bound under control conditions (i.e., normal forks), low concentrations of HU or H 2 O 2 (i.e., slow forks) triggered disruption of PRDX2 oligomers; their dissociation from chromatin; and accumulation of soluble, faster-migrating forms (Fig. 2F ). Both the highly oligomeric as well as the small forms of PRDX2 interacted with TIMELESS (Fig. 2G) , indicating that the dissociation of oligomeric PRDX2 from chromatin and the displacement of TIMELESS from replisomes under elevated ROS levels might be mechanistically coupled. The key support for this conclusion was provided by iPOND ( Fig. 3A and fig. S10A ) and QIBC ( Fig. 3B  and fig. S10B ) studies, which independently confirmed that the HU-induced TIMELESS dissociation from replicating DNA was abolished by PRDX2 depletion. Consistently, the fork slowdown induced by HU or H 2 O 2 was completely suppressed by PRDX2 knockdown (Fig. 3C) or inhibition (fig.  S10C ). These results confirm that the dNTP pool was not limiting for fork progression under mild RNR fluctuation and are in line with the notion that the fork slowdown reflected dissociation of a replisome accelerator such as TIMELESS. In further support of this conclusion, simultaneous depletion of TIMELESS prevented fork acceleration in PRDX2-depleted cells (Fig. 3C) . Mutation of peroxidatic cysteines rendered PRDX2 unable to mediate fork slowdown after low HU levels ( fig. S10E) , providing an important support to the notion that active PRDX2 oligomers couple cellular redox imbalance to fork speed.
To investigate the effect of mild metabolic stress during dNTP synthesis on genome stability, we treated U2OS cells with low levels of HU. Such treatment alone did not increase replication stress, but the simultaneous depletion of PRDX2 triggered replication-associated DNA damage (Fig. 3D and fig. S11A ). Consistently, even in unperturbed cells, where the dNTP metabolic pathways oscillate naturally, depletion of PRDX2 increased the incidence of ultrafine DNA bridges during anaphase (Fig. 3E ) and 53BP1 nuclear bodies in G 1 cells (Fig. 3F) , both established hallmarks of replication-borne DNA damage (19, 20) . When comparing a panel of normal and cancerderived cells and cell lines, we noticed that fork velocity tightly correlated with the level of endogenous ROS. Specifically, normal cells showed low levels of ROS and fast forks, whereas cancer cells proliferated with elevated ROS levels and slow forks (Fig. 4, A and B) . After treatment with low levels of HU, all cell types displayed TIMELESS dissociation from nascent chromatin (fig. S11 , B and C) and PRDX2-dependent fork slowdown (Fig. 4C) , indicating that the PRDX2-sensed and TIMELESS-executed fork speed adjustment to metabolic perturbations is a fundamental level of replication surveillance. However, we found that PRDX2 depletion specifically sensitized cancer cells to mild replication stress (Fig. 4D) , which indicates that the ROS-mediated fork slowdown is key to mitigating replication stress associated with oncogenic transformation.
Collectively, the pathway identified here acts as the first-line surveillance of metabolic fluctuations that, if unaccounted for, could harm replicating genomes ( fig. S12A ). Under low levels of ROS, oligomeric PRDX2 interacts with TIMELESS at replisomes and functions as a redox sensoreffector complex at fast-moving forks ( fig. S12B,  left) . A metabolic imbalance, such as RNR fluctuation, elevates cellular ROS levels, which oxidizes and dissociates PRDX2 into smaller forms with reduced affinity to chromatin. Because PRDX2 oxidization does not impair its interaction with TIMELESS, the smaller PRDX2 forms, through physical binding, displace TIMELESS from the replisome, leading to fork slowdown ( fig. S12B,  right) . On the basis of these findings, we propose to revisit how cells coordinate proliferative and metabolic cycles. In yeast, genome instability due to elevated oxidative burden is limited by restricting DNA replication to the reductive stage of the metabolic cycle (1). In contrast, higher eukaryotes experience both physiological and pathological conditions associated with oxidative phases while DNA synthesis is ongoing. For instance, oxidative bursts occur during the early embryonic cell cycles, where ROS signaling is a key driver of the transcriptional program that stimulates cellular proliferation (21) . Similarly, permanent oxidation of the cellular milieu occurs in rapidly proliferating cancer cells as a consequence of increased aerobic glycolysis [the so-called Warburg effect (21) ], and our data show that under these conditions, slower replication helps to sustain genome integrity. From this perspective, ROS-mediated fork slowdown emerges as a general means of adaptation to changing metabolic conditions. Finally, our results provide an unexpected twist to the prevailing notion that replication stress is associated with hindered fork progression (22) . We show that the oppositeredox-insensitive fast forks-can be detrimental as well, and we envisage that reduced time for proofreading by DNA polymerases, increased ribonucleotide incorporation into DNA, or accumulation of postreplicative DNA gaps can all contribute to toxic effects of forks deprived of their physiological brakes. Following this reasoning, we propose that pharmacological interference with the PRDX2-TIMELESS pathway may selectively sensitize cancer cells marked by elevated replication stress to already available clinical inhibitors of DNA replication.
